The nature of the tube wall resulting from the staggered graphitic layers of either a scroll or a cone structure would provide a continuous path between the layers through which Ar may diffuse into the cavity. Nolan et al. (26) have pointed out that cone type tubes and fibers would have unsaturated valences at their edges. Mordkovich et al. (29) have also proposed a model for K intercalation into multiwalled nanotubes in which the nanotubes are assumed to have a scroll structure, allowing the K atoms to pass inward by attack of the helicoid on the outside edge of the scroll. In our case, amorphization as a result of the HIPing process may be responsible for sealing the gas within the tube. If a tube contains Ar, its ends must be effectively sealed. The HIPing temperature was too low to melt any of the Fe-or Zn-based materials (assuming no Zn metal was present after reaction with CO 2 ), which suggests that the ends of the Arcontaining tubes were sealed before HIPing. If this requirement is not met, Ar will not be retained in the tube. A similar HIPing experiment performed at the lower temperature of 400°C showed no evidence of tubes with Ar trapped in them, nor was any amorphization of the outer wall observed under these conditions. BrunaerEmmett-Teller measurements on tubes of this type by Tibbetts et al. (25) gave a value of 9.91 m 2 for nitrogen gas absorption at room temperature. This is about half the actual physical value calculated geometrically and indicates that the tubes have little porosity. The Ar-filled tubes imply that the porosity must increase greatly at higher temperatures, that gas is more freely able to pass between the slanting graphitic layers and the inside of the tube, and that at the higher temperature, the amorphous crust formation prevents the gas from leaving.
A second C sample containing catalytically grown tubes prepared by the same synthesis route was HIPed under the same conditions as before to confirm our results. A further TEM study was carried out on the second HIPed sample, and we indiscriminately selected 30 tubes with an outer diameter in the range of 20 to 150 nm (Table 1) . We found that a total of 11 tubes had Ar trapped in them at high pressures. In the majority of these filled tubes, we were able to find at least one of the ends of the tube, which was, as expected, sealed. We also found that out of the 19 empty tubes, 9 clearly had an open end. A couple of the tubes appeared to be sealed at both ends but contained no gas. It appears that the number of filled tubes is dictated largely by how many tubes have both ends sealed; there is no indication that tube diameter is an important factor in the diameter range studied.
The filled tubes were found to retain their Ar content with little change over several months at room temperature. Carbon tubes of the structure shown in this paper and those of other authors (25) thus show possibilities for gas storage. It is clear that if the tubes have a scroll structure (29) and are sealed at both ends, then it should also be possible to fill nanotubes of smaller dimensions with gases, whereas conventional nanotubes with a parallel wall structure may need to be filled through an open end before the end is sealed.
Asymmetric Catalysis with Water: Efficient Kinetic Resolution of Terminal Epoxides by Means of Catalytic Hydrolysis
Makoto Tokunaga, Jay F. Larrow, Fumitoshi Kakiuchi, Eric N. Jacobsen* Epoxides are versatile building blocks for organic synthesis. However, terminal epoxides are arguably the most important subclass of these compounds, and no general and practical method exists for their production in enantiomerically pure form. Terminal epoxides are available very inexpensively as racemic mixtures, and kinetic resolution is an attractive strategy for the production of optically active epoxides, given an economical and operationally simple method. Readily accessible synthetic catalysts (chiral cobaltbased salen complexes) have been used for the efficient asymmetric hydrolysis of terminal epoxides. This process uses water as the only reagent, no added solvent, and low loadings of a recyclable catalyst (Ͻ0.5 mole percent), and it affords highly valuable terminal epoxides and 1,2-diols in high yield with high enantiomeric enrichment.
Asymmetric catalysis provides access to optically active epoxides either by oxygenatom transfer to alkenes (1) or by carbene addition to carbonyl compounds (2). Both strategies have been developed to varying degrees, but significant gaps still exist in the scope of these methodologies. For example, there are still no effective enantioselective epoxidation methods known for the synthe-sis of terminal epoxides such as propylene oxide (3) . Such epoxides are readily available as racemic mixtures, so the possibility of using a kinetic resolution strategy to access the enantiomerically pure materials is attractive (4). For kinetic resolutions in which recovery of unreacted substrate is targeted, a cheap and easily handled reagent is obviously desirable for effecting the resolution. Ideally, the product of reaction might also be of synthetic value. To these ends, water is an extremely appealing reagent for epoxide resolutions. Not only is it cost-effective, safe, and environmentally benign, but the 1,2-diols generated by epoxide hydrolysis are valuable chiral building blocks of demonstrated utility for organic synthesis (5). We describe a practical route to enantiomerically enriched terminal epoxides by way of a hydrolytic kinetic resolution (HKR) using simple chiral catalysts (Scheme 1; R, alkyl) (6) . This process provides direct access to both unreacted epoxide and 1,2-diol products in high enantiomeric excess (ee) and yield. The HKR was discovered unexpectedly during investigations of the reactions of epoxides with carboxylic acids. We had found previously that the (salen)Co(II) complex 1 is oxidized by air in the presence of benzoic acid, generating the corresponding (salen)Co(III)(benzoate) complex 2a, and that complex 2a catalyzes the ring-opening of meso epoxides with benzoic acid with moderate-to-good enantioselectivity (7). In efforts to extend this methodology to the kinetic resolution of racemic epoxides (8), we observed that a significant level of epoxide hydrolysis competed with ring-opening by benzoic acid (Scheme 2; Ph, phenyl; Et, ethyl; i-Pr, isopropyl; Bz, benzoyl). The fact that diol was being generated in very high ee suggested the participation of a highly enantioselective HKR involving adventitious water in the reaction medium.
Indeed, terminal epoxides reacted readily with water alone in the presence of (salen)Co catalysts. The solvent-free reaction of racemic propylene oxide (1.0 mol) with 0.55 equivalent of water in the presence of 0.2 mol % of (salen)Co(III)(OAc) complex 2b (9) proceeded within 12 hours at room temperature to afford a mixture of unreacted epoxide and propylene glycol (10) . Fractional distillation provided both compounds in high chemical and enantiomeric purity (Ն98% ee) and in nearly quantitative yield (11, 12) . The nonvolatile residue obtained after distillation contained reduced complex 1; active catalyst 2b was regenerated from this material by treatment with acetic acid in air, such that the catalyst could be recycled with no observable loss in activity or selectivity (Scheme 3).
The HKR was also found to be applicable to a series of other terminal epoxides. The substrates shown in Table 1 are representative of epoxides that are inexpensive as racemates and previously have not been readily accessible in optically pure form. Unbranched alkyl-substituted epoxides (13) such as 1-hexene oxide and 1-octene oxide (entries 3 and 4) were superb substrates for the HKR (relative rate constant k rel Ͼ 250). Epichlorohydrin (entry 2) also underwent efficient resolution, although the diol product was formed with lower ee (86%). Conjugated epoxides such as styrene oxide and butadiene monoepoxide (entries 5 to 7) were resolved with lower selectivity, but highly enantiomerically enriched epoxide or diol could still be obtained in useful yield by simply adjusting the amount of water used in the reaction (such as entries 6 and 7).
Preliminary kinetic studies were carried out on the HKR of 1-octene oxide. Although this epoxide is immiscible with water, the reaction mixture was rendered homogeneous by addition of 20 mol % (Ϯ)-1,2-hexanediol. This additive had no measurable effect on the enantioselectivi- ty of the reaction but did allow the acquisition of reproducible data for the rate constant. The reaction followed a secondorder dependence on the concentration of 2b, consistent with a mechanism wherein two discrete catalyst molecules cooperate to activate both the electrophile (epoxide) and the nucleophile (water). Compelling evidence for a similar bimetallic mechanism has been obtained in the asymmetric ring-opening of epoxides by azide nucleophiles catalyzed by related chromium-containing catalysts (14) . It is noteworthy that bimetallic catalysis is apparently operative with such distinct classes of reactions, and it hints at the possible generality of such a mechanism. The HKR is an attractive procedure for the preparation of optically enriched terminal epoxides and 1,2-diols. The criteria for evaluating the practicality of chemical processes such as this one have become increasingly stringent. High standards of yield and selectivity in product formation must be met, but additional issues such as reagent cost, volumetric productivity, waste generation, reagent toxicity, and handling risks weigh more heavily than ever before. With these criteria positively met, the HKR appears to hold significant potential for large-scale application (15 Soc. 118, 7420 (1996) ]. Despite the high selectivity observed in these kinetic resolutions, this method is impractical for the recovery of enantiomerically enriched epoxide because it requires consumption of azide, a relatively precious reagent. 9. Complex 2b can be generated in situ from 1 (7 ) by treatment with acetic acid (2 equiv) in toluene under air, followed by evaporation of solvent. 1 H nuclear magnetic resonance (NMR) (400 MHz, dry acetone- 21 (s, 9 H, t -Bu), 1.28 (s, 9 H, t -Bu , 34°C ), the reaction vessel was cooled in an ice bath during the addition of water to limit substrate loss as a result of evaporation. 11. A mixture of (S,S)-1 (1.208 g, 2.0 mmol, 0.2 mol %), toluene (10 ml), and acetic acid (0.23 ml, 4.0 mmol, 2 equiv to catalyst) was stirred while open to the air for 1 hour at room temperature. The solvent was removed by rotary evaporation, and the brown residue was dried under vacuum. Propylene oxide (58.7 g, 1.0 mol) was added in one portion, and the stirred mixture was cooled in an ice-water bath. Water (9.9 ml, 0.55 mol, 0.55 equiv) was slowly added until the temperature of the reaction mixture began to rise. The temperature rose to ϳ25°C before dropping to 15°C, at which point water addition was continued at a rate that maintained the reaction temperature near 20°C. After 1 hour, addition was complete; the ice bath was removed, and the reaction was stirred at room temperature for 11 hours. The flask was then affixed with a distillation head equipped with a receiver cooled to Ϫ78°C, and the unreacted epoxide was distilled under N 2 until no more material came over with gentle heating. The system was then placed in a mild vacuum to collect any residual epoxide [ yield:
